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Formulation often has a dramatic effect on degradation of proteins during the freeze -drying process as 
well as impacting on the '* shelf-life" stability of the freeze-dried product. This research presents the 
results of a formulation optimization study of the " in-process" and shelf-life stability of freeze-dried 
human growth hormone (hGH). Chemical decomposition via methionine oxidation and deamidation of 
asparagine residues as well as irreversible aggregation were characterized by HPLC assay methodol- 
ogy. In-process degradation and stability of low moisture freeze-dried solids were studied at 25 and 
40°C in a nominal nitrogen headspace (»0.5% 0 2 ). Formulation variables included pH, level of salts, 
and the nature of the lyoprotectant. Studies of the effect of shear on aggregation in solutions indicated 
that shear comparable to that experienced during filtration does not induce aggregation. Irreversible 
changes in hGH during the freeze-drying process were minimal, but chemical decomposition via 
methionine oxidation and asparagine deamidation and aggregation did occur on storage of the freeze- 
dried solid. Decomposition via methionine oxidation was significant. A combination of mannitol and 
glycine, where the glycine remains amorphous, provided the greatest protection against decomposition 
and aggregation. It is postulated that an excipient system that remains at least partially amorphous is 
necessary for stabilization. However, the observation that dextran 40 formulations showed poor 
stability toward aggregation demonstrates that an amorphous excipient system is not a sufficient 
condition for stability. Stability of the solid was optimal when produced from solutions in the pH 
range, 7-7.5, with severe aggregation being observed at high pH, The level of sodium phosphate buffer 
affected stability of the solid, although this relationship was complex. Freeze-drying in the presence 
of NaCl produced severe aggregation and precipitation during the freeze-drying process as well as 
acceleration of oxidation and/or deamidation. 

KEY WORDS: freeze-drying; stability of proteins; lyoprotectants; protein formulation; human growth 
hormone (hGH). 



INTRODUCTION 

A number of new therapeutic proteins have been mar- 
keted in recent years (1). A successful product must survive 
processing and storage over the claimed shelf life without 
excessive loss of potency or excessive increase in the level 
of decomposition products. Proteins generally present sta- 
bility problems which are more complex than those encoun- 
tered with small molecules (1). Not only does the diversity of 
primary structure create the potential for numerous chemical 
decomposition pathways, but the possibility of conforma- 
tional changes adversely affecting potency introduces an- 
other dimension to stability considerations. Many protein 
products are freeze-dried to provide adequate shelf-life sta- 
bility (1). While a freeze-dried solid is generally much more 
stable than the corresponding aqueous solution, some pro- 
teins are inactivated during the freeze-drying process; the 
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extent of inactivation is extremely sensitive to formulation 
(2-5). In addition, degradation and loss of activity may occur 
during storage, the extent of the stability problem being sen- 
sitive to both formulation variables and the level of residual 
water in the nominally dry solid (5-7). While mechanistic 
interpretations have been offered for the effect of residual 
water (6-8) and "lyoprotectants" such as sugars (9-11) on 
the stability of freeze-dried proteins, a considerable degree 
of empiricism exists in the formulation of a new protein 
product. Selection of a formulation is often dominated by the 
perceived need to select excipients which are historically 
well accepted for use in parenteral therapy. 

Human growth hormone (hGH) is a 22-kD protein which 
is approved for use in treating hypopituitary dwarfism via im 
injection. In both aqueous solution and the solid state, hGH 
undergoes chemical decomposition via oxidation and deam- 
idation; the major oxidation product is the Met- 14 sulfoxide, 
and the major deamidation site is Asn-149 (12). Human 
growth hormone also forms dimers and higher molecular 
weight aggregates where, at least for the species studied by 
Becker and co-workers (13), the dimer appears to be a non- 
covalent aggregate identical in primary structure to native 
hGH. 
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This research is a study of the effect of formulation on 
the "in-process" and storage stability of freeze-dried hGH. 
The objective is formulation optimization. Effects of residual 
water content and oxygen in the vial headspace are ad- 

• dressed elsewhere (14). In-process decomposition and sta- 
bility of the freeze-dried solids at 25 and 40°C were moni- 
tored via HPLC assays for chemical decomposition and ag- 

9 . gregation. The formulation variables studied include pH, 
level of salts, and the nature of the potential "lyoprotectant" 
excipient: mannitol, glycine, dextran 40, and lactose. 

EXPERIMENTAL 

Materials 

The hGH was obtained as raw material (Eli Lilly & 
Co.). Except when otherwise noted, all stability studies were 
conducted using the same raw material batch of hGH (lot 
HG6), and all hGH solutions were buffered to pH 7.4 with 
0.277 mg Na 2 HP0 4 • 7H 2 0 per mg hGH, with final pH ad- 
justment with NaOH or H 3 P0 4 . Dextran 40 was obtained 
from Pharmacia, and all other chemicals were either USP or 
reagent grade. The water used was water for injection (Eli 
Lilly & Co.). The vials were 5-ml tubing vials (type I glass) 
with a 13-mm neck (Wheaton Co.). The stoppers were ob- 
tained from the West Co. (West 1816 rubber). All chemicals 
and container components were used as received without 
further purification or treatment except for washing the vi- 
als. 

Assays 

Residual moisture was determined by coulometric Karl 
Fischer assay (Aquastar, EM Science). Accuracy of the Karl 
Fischer assays for hGH systems was verified by comparing 
Karl Fischer results with "loss on drying" techniques (TGA 
at moderate water content and zero water content by vac- 
uum drying at ~10~ 6 mm Hg and 25°C). Reported moisture 
contents normally represent means of at least three indepen- 
dent replicates (i.e., different vials) and are estimated to be 
accurate within «±0.2% water. 

Decomposition of hGH via methionine oxidation and 
deamidation was measured by reverse-phase HPLC (UV de- 
tection at 220 nm) using a Vydac C4 column with a mobile 
phase of 29% n-propanol and 71% 0.05 M Tris buffer at pH 
7.5 (15). In this system, the major oxidation product at Met- 
14 and the major deamidation product at Asn-149 have es- 
sentially the same retention time. For selected samples, de- 
amidated hGH was separated from native hGH and oxidized 
hGH by anion-exchange chromatography (UV detection at 
280 nm) using a Mono-Q column (15). The mobile phase was 
prepared using 0.05 M Tris buffer at pH 8 and acetonitrile 
(70/30, mobile phase A). The B mobile phase was prepared 
from the A mobile phase by the addition of 0.3 M NaCl. The 
separation was performed using a linear gradient from 0 to 
100% B over 25 min (15). Chemical purity as defined by 
the reverse-phase HPLC assay, denoted " reverse-phase 
purity," was calculated from the area of the "main peak" 
(undecomposed hGH) and the sum of peak areas for all re- 
lated substances. Soluble aggregates (dimer and higher or- 
der) were determined by size exclusion HPLC (UV detec- 
tion at 214 nm) under nondenaturing conditions (16), using a 
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Dupont GF250 column. The mobile phase was 0.025 M 
NH 4 HC0 3 . The percentage monomer was calculated from 
the peak areas of monomer, dimer, and higher molecular 
weight aggregates. The assay methodology does not distin- 
guish between covalent and noncovalent aggregates. All 
HPLC assays assume that the extinction coefficient of the 
degradation product is the same as for the native protein. 
Reported assay results are normally the result of assays on 
duplicate samples (i.e., two different sample vials). Based on 
agreement between duplicates assayed on the same day and 
reproducibility of a reference standard stored at - 20°C over 
the duration of the studies, the usual standard errors in the 
HPLC assays are estimated to be ±0.4% for initials and 
±0.6% for samples stored at 25 and 40°C. 

Measurement of Physical Properties 

Collapse temperatures were determined using the 
freeze-drying microscope technique (17). DSC (Perkin- 
Elmer DSC-7) scans were employed to search for glass tran- 
sition temperatures (18) in the solids over the temperature 
region of interest, using a scan rate of 10°C/min and a total 
solid sample of about 10 mg in sealed pans. To ensure that 
4 4 start-up" artifacts were dissipated before a temperature of 
0°C was reached, all scans were started at - 20°C. A scan up 
to 60°C was made on a "fresh" sample, the same sample was 
cooled to -20°C, and another scan was made up to a max- 
imum temperature of 180°C. 

Freeze-Drying Procedures 

Vials were filled with 1 ml of 2 mg/ml hGH solution and 
loaded on a freeze-dryer (Virtis 25-SRC-X) shelf at =5°C. 
After thermal equilibration, the shelf temperature was low- 
ered to -40°C. The product supercooled to ~-12°C, ice 
nucleated, and freezing was complete within 15 min. After 
cooling to « -40°C, primary drying (or ice sublimation) was 
initiated. The temperature of the frozen product was main- 
tained between - 30 and - 35°C for the duration of primary 
drying (=*5 hr). The samples then remained at the shelf tem- 
perature (-10°C) until the next morning (=*10 hr), after 
which the shelf temperature was increased to complete sec- 
ondary drying. This stage of secondary drying was carried 
out at a product temperature of 30°C for 4 hr, after which the 
drying chamber was vented with dry nitrogen, and the vials 
were sealed by stoppering in the freeze-dryer. All samples 
freeze-dried with full retention of structure (i.e., no collapse, 
melt, or glass transition evident from visual or microscopic 
examination). 

RESULTS AND DISCUSSION 

Properties of hGH Formulations 

The composition and physical properties of the hGH 
formulations are summarized in Table I. Note that the water 
content increases upon storage. Based on other studies in 
our laboratories (unpublished), this increase in water content 
arises from absorption of water from the stopper, not trans- 
mission of water through the stopper, and the data given for 
"aged" samples are roughly the level of water at equilibrium 
for both 25 and 40°C storage. The residual water content 
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% water Collapse temperature* 7 



Excipient 
code 


Excipient weight ratio 
hGH:glycine:mannitol:dextran 


Initial 


Aged* 


Fast freeze 


Slow freeze 


Crystallinity 
(X-ray diffraction) 


A 


1:0:0:0 


1.4 


5. 


>-5°C 


>-5°C 


Amorphous 


B 


1:1:0:0 


0.3 


2.4 


>-5°C 


>-5°C 


Glycine crystals 


C 


1:0:5:0 


0.6 


1.3 


-22°C 


>-5°C 


Mannitol crystals 


D 


1:1:5:0 


0.3 


1.2 


-24°C 


>-5°C 


Mannitol crystals 


DEX 


1:0:0:6 


0.8 








Amorphous 



a Each sample contained 0.091 mmol hGH in a 5-ml vial. Residual headspace oxygen averaged 0.4% (a = 0.2%). 
6 Aged for between 4 and 5 months at 25°C. Note that 1% residual water in pure hGH is «12 mol H 2 0 per mol of hGH. 
c Collapse temperatures were measured for the excipient systems buffered to pH 7.4 with 0.227 mg Na 2 HP0 4 ■ 7H 2 0 buffer per mg hGH 
(1.69 mM buffer). 



varies with formulation largely because, while the percent- 
age water is based on the total sample mass, the crystalline 
components do not retain significant amounts of water dur- 
ing freeze-drying, nor do crystalline components sorb water 
from the stopper during storage. Collapse temperature data 
show a sensitivity to the thermal history of the sample, de- 
noted "fast freeze" and "slow freeze." A normal freezing 
procedure in a freeze-drying microscope experiment is very 
rapid relative to freezing in a vial and is denoted fast freeze. 
A freeze-drying microscope approximation to the thermal 
history of a sample freezing in a vial is obtained by first 
freezing rapidly, increasing the temperature to ~-15°C, 
holding at this temperature for several minutes, and then 
decreasing the temperature to less than - 30°C to start the 
collapse temperature measurement. This procedure is de- 
noted slow freeze. It appears that mannitol does not crys- 
tallize during the fast-freeze procedure, thereby giving a low 
collapse temperature for systems C and D. However, during 
the slow-freeze procedure, as well as freeze-drying in a vial, 
most of the mannitol does crystallize. Consistent with the 
statement that microscope slow freeze is a good approxima- 
tion to freezing in a vial, formulation D can be freeze-dried in 
a vial at a product temperature of at least - 15°C without 
collapse. While glycine does crystallize in system B, where 
glycine is the only lyoprotectant, the glycine: mannitol com- 
bination used in system D prevents crystallization of glycine, 
although most of the mannitol has crystallized. 

Amorphous freeze-dried pharmaceuticals generally ex- 
hibit glass transition temperatures. Above the glass transi- 
tion temperature, high molecular mobility allows greater re- 
activity; below the glass transition temperature, mobility and 
therefore reactivity are greatly restricted (8,19,20). There- 
fore, a sharp increase in reactivity is expected at those stor- 
age temperatures which are above the glass transition tem- 
perature. However, no evidence for glass transitions in the 
0-60°C temperature range was revealed by DSC for any of 
the hGH formulations. A broad endotherm with an onset at 
«40°C and a peak at ~50°C was observed for each formu- 
lation. The energy of the transition was 1 1 mJ for formu- 
lation E and ==6 mJ for all other formulations. Release of 
water into the "headspace" of the sealed DSC pan is one 
possible cause for this endotherm. Scans up to 180°C display 
the sharp increase in baseline characteristic of a glass tran- 
sition for the dextran formulation («85°C). With mannitol- 
containing formulations, a strong endotherm is observed at 



«150°C (peak), which is probably due to melt of mannitol 
{pure mannitol melting point = 165°C, CRC handbook). Pos- 
sible glass transitions for formulations B, C, and D are ob- 
served in the range 100-1 30°C. While these high-temperature 
transitions have no direct relevance to stability at 40°C and 
below, the endotherm with an onset near 40°C may, in prin- 
ciple, be relevant to stability of the solid at 40°C. However, 
neither the peak temperature nor the heat of transition shows 
any obvious correlation with the stability data presented 
later in this report. The only DSC observation of obvious 
relevance to solid-state stability is that no glass transitions 
were observed in the temperature range, / =s 40°C. 

Making the plausible, though not rigorous, assumption 
that only a single amorphous phase exists, we may tenta- 
tively conclude that the protein phase in system D consists 
of a 1:1 weight ratio of hGH:glycine with, at most, a small 
amount of dissolved mannitol and phosphate buffer. Note 
that the X-ray evidence for crystalline mannitol does not 
preclude the possibility of some of the mannitol distributing 
into the amorphous phase. Due to limited sensitivity of the 
X-ray method, crystalline buffer could go undetected for 
those systems with crystalline components. However, since 
microscopic examination (i.e., birefringence) and X-ray data 
for system A indicate that most of the buffer remains amor- 
phous, it seems likely that the buffer is mostly amorphous in 
the other systems as well. While the exact composition of 
the hGH phase is somewhat uncertain, it is obvious that 
systems D and DEX have the greatest potential for produc- 
ing some effect on the stability of hGH. In both these sys- 
tems, the "lyoprotectant" is at least partially amorphous 
and therefore has the greatest probability of being distrib- 
uted in the protein phase to interact molecularly with the 
hGH and/or physically separate or "dilute" the hGH mole- 
cules. This dilution effect would be expected to decrease the 
formation of aggregates during processing and storage. If 
dilution is the only effect, the DEX system would be more 
effective than system D, since with DEX there exists a 6:1 
dilution rather than the nominal 1:1 dilution with system D. 

In-Process Chemical Decomposition and Aggregation 

Shear-Induced Aggregation in Mechanically Agitated 
Solutions. The tendency of hGH solutions to aggregate and 
ultimately precipitate when shaken is well known. Often the 
effect is attributed to shear forces, although loss of protein 
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potency is expected only at very high values of the "average 
shear rate: residence time'* product, S • / > 10 5 , where S is 
the shear rate and / is the time of exposure to this shear rate 
(21). In shaking, denaturation at the air-water interface is 
• possible, and if rubber or silicone oil is present, denaturation 
at the aqueous: hydrophobic interface may be the main cause 
of aggregation and precipitation. To determine whether or 
not there is a pure shear-induced aggregation in hGH solu- 
tions, hGH solutions were pumped via a syringe through 
capillary tubes of various lengths at selected flow rates. For 
flow through tubes, the average shear rate:residence time 
product is determined (21) by the length, L, and radius, r, of 
the tube: S • t = (8/3) (L/r). The end of the capillary tube was 
positioned below the surface of an hGH solution in a small 
beaker. This procedure allows the sheared solution to be 
collected without the introduction of additional air-water in- 
terface. The capillary tubing diameter and length were cho- 
sen to match shear rate ■ residence time products experi- 
enced by solutions being filtered through 0.22-nm filters, 
S • t « 10 3 -10 4 . Intuitively, the * f" product would be 
much smaller for the mechanical agitation inherent in a shak- 
ing experiment. Even at the highest shear rates and resi- 
dence times studied, the sheared solutions were clear, were 
free of particulates, and showed no significant increase in 
soluble aggregates (HPLC) relative to the solution before 
shear (Table II). Thus, we conclude that hGH solutions are 
not subject to shear-induced aggregation under normal pro- 
cessing or handling conditions. The aggregation and precip- 
itation observed on shaking (22) are most likely a result of 
denaturation at an aqueous hydrophobic interface, followed 
by aggregation and ultimate precipitation. 

Degradation on Freeze-Drying. Representative data 
given in Fig. 1 demonstrate that hGH suffers little degrada- 
tion during freeze-drying. Relative to samples freeze-dried 
without a lyoprotectant (formulation A), the glycine: manni- 
tol excipient system (formulation D) does appear to retard 
formation of aggregates, although the difference between 
formulation A and formulation D is small (-0.5%). A higher 
pH (pH 8), a small loss (=2%) of reverse-phase purity does 
occur on processing. These observations are representative 
of all samples studied except those formulations containing 
NaCl. Extensive aggregation and precipitation (i.e., visual 
observation of "haze" or turbidity) were observed on 
freeze-drying in the presence of NaCl. We conclude that 
hGH of high purity can be freeze-dried without significant 



Table II. Results of Hydrodynamic Shear on Aggregation of hGH 
Solutions 0 



Analytical 


Before 


After 


parameter 


shearing 


shearing 


Clarity (visual) 


Clear 


Clear 


Fibrils or ppt (visual) 


None 


None 


SEC HPLC 






% monomer 


98.3 


98.0 


% dimer 


1.3 


1.6 


% trimer and higher aggregates 


0.4 


0.4 



° Results for flow of 2.5 ml/min through a 0.5-mm-diameter glass 
capillary tube of 50-cm length. S • t = 8 • 10 3 . The hGH (2.6 mg/ 
ml) was from formulation D. 




Aggregation RP Impurities 



Impurity Type 

Fig. 1. Changes in hGH during freeze-drying. Aggregation (pH 
range, 6-8): unshaded, starting solution; dark shading, excipient 
system A; light shading, excipient system D. Reverse-phase (RP) 
impurities (excipient systems A and D): unshaded, starting solution; 
dark shading, pH range of 6-7.4; light shading, pH 8. Systems of pH 
7.4 are phosphate buffered (0.227 mg Na 2 HP0 4 ■ 7H 2 0/mg hGH), 
while solutions of other pH's were adjusted to the appropriate pH by 
titration with H 3 P0 4 or NaOH. 

chemical decomposition or aggregation, even without the 
use of a lyoprotectant. 

Kinetics of Chemical Decomposition and Aggregation in the 
Solid State 

Decomposition kinetics as measured by reverse-phase 
HPLC (methionine oxidation and deamidation) are generally 
consistent with first-order kinetics (Fig. 2). That is, devia- 
tions from linearity on a log (purity) vs time plot are random 
and probably accounted for by assay variation and variation 
in water content and oxygen (headspace) between nominally 
identical samples. Thus, the stability comparisons presented 
later are generally based on apparent first-order rate con- 
stants. While apparent first-order kinetics could be inter- 
preted as evidence for a unimolecular rate-determining de- 
composition step, this conclusion is highly speculative given 
the multitude of potentially interdependent hGH decompo- 
sition pathways, as well as the general complexity of decom- 
position kinetics in solids. 

In general, the observed aggregation kinetics are not 
first order; the aggregation rate decreases rapidly with in- 
creasing time, with little increase in aggregation during the 
last half of the time interval studied (Fig. 3). Some systems, 
however, are consistent with first-order kinetics (i.e., for- 
mulation D at 25°C). We assume that the aggregates exist in 
the solid and are not created from conformationally altered 
monomer at the instant of reconstitution. While plausible, 
this assumption is not rigorous, as our methodology for de- 
tecting aggregation obviously depends on dissolving the 
hGH before assay. The observation of aggregation develop- 
ing in samples stored in the solid state at temperatures well 
below their glass transition temperatures is surprising. Given 
the limited molecular mobility in glassy solids (19), it is dif- 
ficult to understand how a molecule as large as hGH could 
undergo the level of motion (rotational and translational) 
presumably required to participate in a bimolecular protein- 
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Fig. 2. Representative kinetics for loss of reverse-phase punty of Fig 3 Representative kinetics for soluble aggregate formation in 

freeze-dried hGH. All samples are buffered with sodium phosphate f ree ze-dried hGH. Open squares, formulation A; filled squares, for- 

to pH 7.4 (0.227 mg Na 2 HP0 4 • 7H 2 0/mg hGH). Open squares, for- mu lation D. 
mulation A; filled squares, formulation D. 



protein reaction in the glassy state. However, it does appear 
that even limited motion is sufficient to allow aggregation of 
favorably oriented * 'nearest neighbors." In the amorphous 
state, the relative orientation of any two molecules is not 
fixed by "structure" but, rather, is somewhat random. Ag- 
gregation of two hGH neighbors will be more or less prob- 
able depending on their relative orientation or configuration. 
This ' 'model" would predict rapid aggregation initially as 
favorable configurations react but a slowing rate of aggrega- 
tion as the favorable configurations are depopulated. The 
observation of apparent first-order aggregation kinetics re- 
quires a different interpretation. One could speculate that, 
under some conditions, the rate of aggregation is limited by 
the rate of formation of a conformationally altered monomer 
as an intermediate (22). This type of mechanism would lead 
to first-order kinetics. Because of the complexity of aggre- 
gation kinetics, no attempt to calculate rate constants has 
been made, and stability comparisons are made by compar- 
ing aggregation under fixed conditions of temperature and 
time. 

Reaction Products 

Selected samples were assayed both by reverse-phase 
HPLC and by ion-exchange HPLC. Nominally, the differ- 
ence between the reverse-phase assay and the ion-exchange 



assay gives the reaction products which have only been ox- 
idized. Reaction products which are both oxidized and de- 
amidated would be measured as deamidated product. The 
assumptions implicit in this interpretational procedure are 
that (a) all significant deamidation products are equally mea- 
sured by both assay methods and (b) reaction products 
which are neither deamidations nor methionine oxidations 
are insignificant. These assumptions, while plausible (15), 
are not rigorous. Results for hGH formulations stored at 
25°C in a nominal nitrogen headspace are shown in Fig. 4. 
The residual oxygen (i.e., the numbers above the bars) is 
slightly larger for formulation A. Formulation A also shows 
evidence for significantly more oxidation than the other for- 
mulations. It is surprising that even with very low residual 
oxygen in the vial headspace, decomposition via oxidation is 
at least as great as decomposition via deamidation. Note that 
even at 0.4% 0 2 , the molar ratio of oxygen to hGH is about 
10, so from a stoichiometric viewpoint, the supply of oxygen 
is more than sufficient. However, to react with a hGH mol- 
ecule in the interior of the amorphous phase, the oxygen 
must dissolve in the amorphous phase and diffuse to the 
relevant methionine residue. It is surprising that significant 
oxygen dissolves at such low partial pressures of oxygen. 

For the hGH systems described in Table I, we found no 
evidence for chemical decomposition other than oxidation or 
deamidation. However, as an example of a pharmaceutical^ 
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Excipient System 

Fig. 4. Comparison of decomposition measured via reverse-phase 
HPLC with decomposition measured via anion-exchange HPLC for 
freeze-dried samples stored 6 months at 25°C. The numbers over the 
bars indicate the residual headspace oxygen in the vials. Light shad- 
ing, total decomposition via anion-exchange HPLC (nominally, de- 
amidation products); dark shading, difference between reverse- 
phase and anion-exchange measures of decomposition (nominally, 
products only oxidized). 



ter only 1 month of storage at 25°C and was not sensitive in 
magnitude or retention time to the presence of oxygen in the 
vial headspace [i.e., curve A(N 2 ) vs curve B(0 2 )]. This 
shoulder is clearly not present in a mannitol formulation 
(curve C) and is well removed from the major deamidation 
peak (curve D). The major oxidation product (not shown) 
has a retention time essentially the same as the major deam- 
idation product. We postulate that the shoulder represents 
an adduct of lactose and hGH, either the glycosylamine or 
the corresponding SchifTbase (7). 

Formulation Effects 

Excipient Systems The effect of "lyoprotectant" excip- 
ient system on chemical stability (reverse-phase decomposi- 
tion) and aggregation of freeze-dried hGH is summarized by 
Figs. 6 and 7. The error bars represent estimates of the stan- 
dard error for the stability parameter reported. Aggregation 
at 3 weeks (40°C) is actually the mean of the 2- week and 
4-week data, while aggregation at 2 months (25°C) is the 
mean of the 1 -month and 3 -month data. Combining raw data 
in this fashion reduces the impact of assay error. Relative to 
excipient system A (no lyoprotectant), glycine (system B), 
mannitol (system C), and the glycine: mannitol combination 



acceptable excipient system which would remain totally 
amorphous, freeze-dried hGH: lactose systems were briefly 
investigated. The lactose formulations were not pursued be- 
cause of an apparent additional decomposition mode. HPLC 
chromatograms (Fig. 5) showed a definite " shoulder" on the 
main peak in aged samples that was not observed either in 
the freshly freeze-dried lactose formulation or in any of the 
other formulations studied. This shoulder was prominent af- 




Fig. 5. Reverse-phase HPLC chromatograms of aged freeze-dried 
hGH formulated with lactose. (A) 1:1 weight ratio of hGHrlactose 
stored 1 month at 25°C in nitrogen headspace; (B) 1:1 hGH:lactose 
stored 1 month at 25°C in 90% oxygen headspace; (C) 1:1 hGH:man- 
nitol stored 1 month at 25°C in 90% oxygen headspace; (D) deami- 
dation resolution standard showing peaks due to deamidation. 



Reverse Phase Decomposition 

12 -| 




A B C D 



Excipient System 



8-i Aggregation 




A B C D 



Excipient System 

Fig. 6. The effect of excipients on the stability of freeze-dried hGH. 
The solid horizontal lines in the bottom graph denote the initial level 
of aggregates in the freeze-dried samples. Reverse-phase decompo- 
sition: dark shading, 40°C; light shading, 25°C. Aggregation: dark 
shading, 3 weeks at 40°C; light shading, 2 months at 25°C. 
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Fig. 7. Comparison of hGH aggregation in the glycine :mannitol for- 
mulation (D) with aggregation in the dextran formulation (DEX). 
Samples for these studies were prepared from raw material lot GR7. 
No shading, initial solid; dark shading, solid stored for 3 weeks at 
40°C; light shading, solid stored for 1 month at 25°C. 

(system D) appear slightly more stable both in chemical sta- 
bility and in resistance to aggregation. Aggregation at both 
25 and 40°C decreases in the order A > C> B > D, although 
the differences between adjacent formulations in this se- 
quence are small. A different hGH raw material batch (data 
not shown) also resulted in formulation D being more stable 
toward both chemical decomposition and aggregation than 
the other formulations. A recent summary also stated that a 
glycine: mannitol combination was particularly effective in 
preventing aggregation in solid hGH (24). 

Greater stability of formulation D is consistent with the 
concept that stability enhancement depends on the excipient 
system being at least partially amorphous to allow molecular 
interaction with the protein and/or to act as a 4 'sink" for 
residual water. In formulation D, the glycine is amorphous. 
However, in the dextran 40 system, the excipient is totally 
amorphous. If an amorphous excipient were both a neces- 
sary and a sufficient condition for stability enhancement, 
one would expect significantly less aggregation in the dex- 
tran 40 formulation. However, quite the opposite effect was 
observed (Fig. 7). Not only is the level of aggregation im- 
mediately after freeze-drying slightly higher in the dextran 
system than in formulation D, but development of aggrega- 
tion during storage is much greater for the dextran formula- 
tion. Aggregation at 40°C is much greater in the dextran 
system (Fig. 7) than in formulation A, which contains no 
lyoprotectant (Fig. 6), even though the raw material lot used 
for the studies in Fig. 7 is evidently more stable (i.e., com- 
pare formulation D, Fig. 6 vs Fig. 7). Clearly, the fact that 
the excipient system is amorphous is not a sufficient condi- 
tion for stability enhancement. It seems likely that dextran 
40 destabilizes the native conformation of hGH in the solid 
state, thereby leading to increased aggregation. Since our 
assay methodology does not distinguish between covalent 
and noncovalent aggregates, the question of whether or not 
aggregation in the dextran 40 formulation is structurally 
identical to aggregation in the other formulations remains 
unresolved. 

One may use the data in Fig. 6 to evaluate the temper- 



ature dependence of both chemical decomposition and ag- 
gregation, although the presence of two parallel chemical 
reactions (deamidation and oxidation) and the lack of a de- 
fined rate constant for aggregation limit the mechanistic in- 
terpretation of such results. The mean effective " activation 
energy' ' for reverse-phase decomposition of formulations 
A-D is 17.1 ± 0.6 kcal/mol, with no significant differences 
between the formulations. The uncertainty given is simply 
the standard error of the mean. Note that this "activation 
energy* * is roughly a mean of the activation energies for 
methionine oxidation and asparagine deamidation (Fig. 4). 
Using the ratio of extent of aggregation increase during stor- 
age divided by the time of storage as a quasi rate constant for 
aggregation, the activation energies for aggregation are as 
follows: A, 24 kcal/mol; B, 32 kcal/mol; C, 27 kcal/mol; and 
D, 31 kcal/mol. While the differences among formulations B, 
C, and D are small and probably not significant, the "acti- 
vation energy" for aggregation in formulation A appears to 
be slightly lower than for formulations B and D, a result 
consistent with the stabilizing effect of these "lyoprotec- 
tants." 

Effect of Level of Phosphate Buffer, The effect of the 
level of buffer (Na 2 HP0 4 • 7H 2 0) on both the chemical sta- 
bility of formulation D (glycine: mannitol) and the aggrega- 
tion in formulation A (no excipients) is summarized in Fig. 8. 
Chemical decomposition appears to be minimized at buffer 
levels of 0.227 and 0.454 mg buffer/mg hGH and is maxi- 
mized at the "0.1 14" level of buffer. Aggregation appears to 
be at a maximum at the "0.227" level of buffer. No system- 
atic trends were noted with either aggregation in excipient 
system D or chemical decomposition in system A (data not 
shown). 

Phosphate is reported to be a catalyst for deamidation 
(24), and aggregation in solution is sensitive to the concen- 
tration of phosphate buffer (minimum aggregation at 5 mM 
buffer) (24). Further, crystallization of sodium phosphate 
salts during freezing can cause massive pH decreases during 
the freezing process (8). Crystallization would be more prob- 
able at higher levels of buffer in systems without lyopro- 
tectants. Thus, one might expect variations in stability as a 
function of buffer level. It is possible that a combination of 
the above effects is responsible for the trends (and lack of 
trends) found in our studies. Phenomenologically, although 
the magnitude of the buffer effects is small, the level of phos- 
phate buffer does appear to be a relevant formulation vari- 
able in the stability of freeze-dried hGH. 

Effect of pH. Deamidation of asparagine residues in 
aqueous lysozyme increases with an increase in pH (25), and 
the recent summary of hGH results in solution (24) arrives at 
the same generalization. While pH has no meaning in the 
freeze-dried solid, the solution pH before freeze-drying ob- 
viously determines the extent of ionization of the protein 
both in solution and in the solid. 

The effect of starting solution pH on the chemical sta- 
bility of freeze-dried hGH is summarized by Fig. 9. In this 
series, the reverse-phase decomposition did not appear fully 
consistent with first-order kinetics, although whether this 
observation is a result of a "real" effect or the result of a 
larger than expected assay error is unknown. However, to 
avoid the possibility of distorting the data by forcing a first- 
order fit, chemical decomposition data are reported as loss 



434 



Chemical Decomposition, Excipient System D 




zero 0.114 

Buffer Level, mg buffer/mg hGH 



Pikal, Dellerman, Roy, and Riggin 

No Excipients 




7 

PH 



Excipient System D 



Aggregation, no excipients 




Buffer Level, mg buffer/mg hGH 

Fig. 8. The effect of sodium phosphate buffer level on the stability 
of freeze-dried hGH. Buffer level is in mg Na 2 HP0 4 • 7H 2 0/mg 
hGH with pH 7.4. Chemical decomposition: dark shading, 40°C; 
light shading, 25°C. Aggregation: dark shading, 3 weeks at 40°C; 
light shading, 2 months at 25°C. 




pH 

Fig. 9. The effect of pH on loss of reverse-phase purity for freeze- 
dried hGH. The samples at pH 6, 7, and 8 do not contain buffer. 
These solutions were adjusted to the appropriate pH by titration 
with H3PO4 or NaOH. Filled circles, increase in decomposition after 
3 weeks at 40°C; open circles, increase in decomposition after 2 
months at 25°C. 



of reverse-phase purity at fixed time points. Three weeks at 
40°C is the mean of 2 and 4 weeks at 40°C, and 2 months at 
25°C is the mean of 1 and 3 months. Error bars represent 
estimates of the standard error. The data at 40°C show a 
clear minimum in chemical decomposition in the pH range 
7-7.5. Data at 25°C are consistent with a minimum in de- 
composition in the same pH range, but here, the observed 
variation with pH is minimal. The increase in reactivity at 
40°C as the pH increases is expected based on previous data 
in aqueous solution (24,25), but the increase in reactivity at 
pH 6 appears to be unique to the solid state. The lack of a 
strong pH effect at 25°C coupled with the significant pH 
effect at 40°C implies that the effective activation energy also 
passes through a minimum around pH 7, a curious observa- 
tion for which we have no explanation. 

Aggregation in pure hGH (no excipients) at 40°C is 
slightly greater at pH 6 than at the other pH's studied, but 
aggregation at 25°C is independent of pH (Fig. 10). With 
excipient system D (glycine :mannitol), aggregation appears 
to decrease slightly as the pH increases from 6 to 7.4. At pH 
8, aggregation at 40°C increases dramatically (no data were 
obtained at pH 8 and 25°C). These results are in sharp con- 
trast to aggregation in hGH solutions where formation of 



insoluble aggregates decreases with increasing pH over the 
pH range 6-8 (24). 

Effect of Sodium Chloride Level. Since sodium chloride 
is often included in parenteral formulations as a tonicity 
modifier, the effects of sodium chloride levels equivalent to 
"normar saline (0.9% NaCl) and dilute saline (0.1%) were 
investigated. Even at the lower level of saline, hGH samples 
freeze-dried with sodium chloride do not reconstitute to 
form a clear solution. Some of the hGH remains in the form 
of insoluble aggregates, producing a turbid solution. Turbid- 
ity increases as the level of NaCl increases, and at a given 
level of NaCl, turbidity is greater for formulation A than for 
formulation D. While quantitative size-exclusion HPLC data 
could not be obtained, the samples were completely soluble 
in the denaturing mobile phase used for the reverse-phase 
HPLC assay, and reverse-phase purities of the initial freeze- 
dried samples were essentially the same as found for samples 
prepared in the absence of sodium chloride. These observa- 
tions indicate noncovalent aggregation. 

A comparison was made of visual turbidity between so- 
lutions frozen (and then thawed) and the corresponding so- 
lutions freeze-dried (and then reconstituted with water). The 
freeze-thawed solutions were all essentially clear, whereas 
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Fig. 10, The effect of pH on aggregate formation in freeze-dried 
hGH. The samples at pH 6, 7, and 8 do not contain buffer. Filled 
circles, aggregation after 3 weeks at 40°C; open circles, aggregation 
after 2 months at 25°C. 

the freeze-dried-reconstituted solutions containing NaCl 
were turbid, as indicated above. The NaCl-induced confor- 
mational changes leading to precipitation appear to occur 
during drying and not during freezing. 

Chemical stability of the freeze-dried solid is also de- 
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Fig. 11. The effect of NaCl on reverse-phase decomposition of 
freeze-dried hGH at 40°C. Open circles, formulation A; filled cir- 
cles, formulation D. 



creased by the presence of NaCl (Fig. 1 1). Rate constants for 
loss of reverse-phase purity increase in nonlinear fashion 
with increasing levels of sodium chloride. Limited data for 
samples stored at 25°C (1 month only) show qualitatively the 
same trend (data not shown) as the 40°C results. At each 
level of NaCl studied, the stability of formulation D (glycine: 
mannitol excipients) is superior to formulation A (no lyopro- 
tectants), indicating that the glycine: mannitol excipient sys- 
tem moderates, to some extent, the detrimental effect of 
NaCl. 

In principle, the effect of NaCl on the stability of freeze- 
dried hGH could be attributed to either an * 'ionic strength" 
effect or a specific ion effect (Na + or CI"). The available 
data suggest that the detrimental effect of saline is due pri- 
marily to Cl~ . In the systems studied without added sodium 
chloride, the concentration of Na + contributed by the buffer 
varied from 0 to 7 mM, and the ionic strength of electrolyte 
(i.e., buffer) varied from 0 to 10 mM (Fig. 8). Neither aggre- 
gation nor chemical stability was adversely affected by the 
higher levels of sodium phosphate. The total sodium ion con- 
centration and ionic strength for the 0.1% saline solution 
(with 0.227 mg buffer/mg hGH) are 20 and 22 mAf, respec- 
tively. As discussed, freeze-drying from this solution caused 
significant aggregation and turbidity. Thus, either an enor- 
mous discontinuity exists in aggregation phenomena as a 
function of [Na + ] and/or ionic strength or the aggregation 
phenomena in samples freeze-dried from saline are due to 
the presence of Cl~ . We believe the latter is more plausible. 

SUMMARY AND CONCLUSIONS 

While irreversible changes in hGH during the freeze- 
drying process are minimal, chemical decomposition via me- 
thionine oxidation and asparagine deamidation and aggrega- 
tion do occur on storage of the freeze-dried solid, and such 
irreversible changes are sensitive to the choice of formula- 
tion. Even in a nominal nitrogen headspace (M).5% 0 2 ), 
decomposition via methionine oxidation is significant. A 
combination of mannitol and glycine provides the greatest 
protection against degradation, particularly for degradation 
via aggregation. While it is postulated that an excipient sys- 
tem that remains at least partially amorphous is necessary 
for stabilization, an amorphous excipient system is clearly 
not a sufficient condition for stability, as dextran 40 formu- 
lations show poor stability toward aggregation. Stability is 
greatest in the pH range 7-7.5, with severe aggregation being 
observed at high pH. The level of sodium phosphate buffer 
does impact on stability, although stability is not a mono- 
tonic function of buffer concentration, Freeze-drying in the 
presence of NaCl produces severe aggregation and precipi- 
tation during the drying stage of freeze-drying. 

REFERENCES 

1. J. Geigert. Overview of the stability and handling of recombi- 
nant protein drugs. J. Parenter. Scl Tech. 43:220-224 (1989). 

2. K. Hellman, D. S. Miller, and K. A. Cammack. The effect of 
freeze-drying on the quaternary structure of L-asparaginase 
from Erwinia carotovora. Biochim. Biophys. Acta 749:133-142 
(1983). 

3. P. Labrude and C, Vigneron. Stability and functional properties 
of haemoglobin freeze-dried in the presence of four protective 



, 436 



Pikal, Dellerman, Roy, and Riggin 



substances after prolonged storage: Dose-effect relationships. 
J. Pharm. Pharmacol. 35:23-27 (1982). 

4. J, F. Carpenter, L. M. Crowe, and J. H. Crowe. Stabilization 
of phosphofructokinase with sugars during freeze-drying: Char- 
acterization of enhanced protection in the presence of divalent 
cations. Biochim. Biophys. A eta 923:109-1 15 (1987). 

5. M. W. Townsend and P. P. DeLuca. Use of lyoprotectants in 
the freeze-drying of a model protein, ribonuclease A. J. 
Parenter, Sci. Tech. 42:190-199(1988). 

- 6. T. I. Pristoupil, M. Kramlova, H. Fortova, and S. Ulrych. Hae- 
moglobin lyophilized with sucrose: The effect of residual mois- 
ture on storage. Haematologia 18:45-52 (1985). 

7. M.J. Hageman. The role of moisture in protein stability. Drug 
Dev. Ind. Pharm. 14:2047-2070 (1988). 

8. F. Franks. Freeze drying: from empiricism to predictability. 
' Cryo-Letters 11:93-110 (1990). 

9. T. I. Pristoupil, S. Ulrych, and M. Kramlova. Haemoglobin sta- 
bilization during lyophilization with saccharides. Perturbation 
effect of polyethylene glycols. Coll. Czech. Chem. Commun. 
46:1856-1859(1981). 

10. J. F. Carpenter and J. H. Crowe. Fundamental differences in 
the interactions of stabilizing solutes with proteins during 
freeze-thawing versus during freeze-drying. Cryobiology 
25:537-538 (1988). 

11. D. S. Johnson and F. Castelli. The influence of sugars on the 
properties of freeze dried lysozyme and hemoglobin. Thermo- 
chim. Acta 144:195-208 (1989). 

12. G. W. Becker, P. M. Tackitt, W. W. Bromer, D. S. Lefeber, 
and R. M. Riggin. Isolation and characterization of a sulfoxide 
and a desamido derivative of biosynthetic human growth hor- 
mone. Biotechnol. Appl. Biochem. 10:326-337 (1988), 

13. G. W. Becker, R. R. Bowsher, W. C. MacKellar, M. L. Poor, 
P. M. Tackitt, and R. M. Riggin. Chemical, physical, and bio- 
logical characterization of a dimeric form of biosynthetic human 
growth hormone. Biotechnol. Appl. Biochem. 9:478-487 (1987). 

14. M. J. Pikal, K. Dellerman, and M. L. Roy. Effects of moisture 
and oxygen on the stability of freeze-dried formulations of hu- 
man growth hormone. Biologicals (in press). 

15. R. M. Riggin, G. K. Dorulla, and D. J. Miner. A reversed- 



phase high-performance liquid chromatographic method for 
characterization of biosynthetic human growth hormone. Anal. 
Biochem. 167:199-209 (1987). 

16. R. M. Riggin, C. J. Shaar, G. K. Dorulla, D. S. Lefeberi and 
D. J. Miner. High-performance size-exclusion chromatographic 
determination of the potency of biosynthetic human growth hor- 
mone products. J. Chromatogr. 435:307-318 (1988). 

17. M. J. Pikal, S. Shah, D. Senior, and J. E. Lang. Physical chem- 
istry of freeze-drying: Measurement of sublimation rates for 
frozen aqueous solutions by a microbalance technique. J. 
Pharm. Sci. 72:635-650 (1983). 

18. C. A. Angell, E. J. Sare, and R. D. Bressel. Concentrated elec- 
trolyte solution transport theory: Directly measured glass tem- 
peratures and vitreous ice. /. Phys. Chem. 71:2759^-2761 (1967). 

19. H. Levine and L. Slade. Principles of " crystallization" tech- 
nology from structure/property relationships of carbohydrate/ 
water systems — a review. Cryo-Letters 9:21-63 (1988). 

20. M. J. Pikal. Freeze-drying of proteins. II. Formulation selec- 
tion. Biopharm. 3:26-30 (1990). 

21. S. Charm and B. Wong. Enzyme inactivation with shearing. 
Biotechnol. Bioeng. 12:1103-1109 (1970). 

22. M. Hagenlocher and R. Pearlman. Use of a substituted cyclo- 
dextrin for stabilization of solutions of recombinant human 
growth hormone. Abstract BT219, 4th Annual meeting of the 
AAPS, Atlanta, Oct. 22-26, 1989. 

23. D. N. Brems, S. M. Plaisted, H. A. Havel, and C. C, Tomich. 
Stabilization of an associated folding intermediate of bovine 
growth hormone by site-directed mutagenesis. Proc. Natl. 
Acad. Sci. USA 85:3367-3371 (1988). 

24. R. Pearlman and T. H. Nguyen. Formulation strategies for re- 
combinant proteins: human growth hormone and tissue plas- 
minogen activator. In D. Marshak and D. Liu (eds.), Therapeu- 
tic Peptides and Proteins: Formulations, Delivery, and Target- 
ing, Current Communications in Molecular Biology, Cold 
Spring Harbor Laboratory, Cold Spring Harbor, N.Y., 1989, 
pp. 23-30. 

25. T. J. Ahern and A. M. Klibanov. The mechanism of irreversible 
enzyme inactivation at 100°C. Science 228:1280-1284 (1985). 



